. The high level biosynthesis, CNBr processing and the efficient purification yields allowed the initiation of a comprehensive biophysical analysis of TM1-TM2 and TM6-TM7-CT40. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis showed that TM1-TM2 was monomeric in this micellar environment whereas TM6-TM7-CT40 migrated as a dimer. CD analysis indicated that TM1-TM2 was highly helical in SDS and1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-glycerol)] but has a tendency to aggregate in dodecylphosphocholine micelles. Similar results were found with TM6-TM7-CT40. Conditions for NMR measurements were optimized, and both TM1-TM2 and TM6-TM7-CT40 exhibited more that 90% of the expected crosspeaks in the [15N,1H]-HSQC spectrum. These findings set the stage for the determination of the 3D structure of these large domains of a GPCR in micelles using high-resolution NMR. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2
Introduction
The structural study of G protein-coupled receptors (GPCRs) remains a challenging problem. Of the 1000 or so known GPCRs there is only one high resolution structure available, that of rhodopsin 1 . Expression and purification of these highly hydrophobic proteins in levels sufficient for biophysical analysis as well as the inherent flexibility of GPCRs and their requirement for membrane-like environments to insure proper folding are limiting steps in structure determination.
Many groups have studied fragments of GPCRs and other integral membrane proteins including individual transmembrane domains (TMs), loop regions, and N-terminal and Cterminal domains to circumvent some of the limitations encountered with the intact protein. These fragments are prepared most often by chemical synthesis [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Double transmembrane domain peptide fragments from integral membrane proteins including MerF t 16, 17 , the µ-opioid receptor 18 and the cystic fibrosis transmembrane conductance regulator 19 have been expressed and purified. There are also reports of the isotopic labeling of double transmembrane fragments of integral membrane proteins for use in NMR studies 16, 17, [20] [21] [22] .
Recently, the direct expression of 18 full-length prokaryotic integral membrane proteins in amounts necessary to generate [ 15 N, 1 H]-HSQC spectra in membrane mimetic micelles was reported 23 . These integral membrane proteins contained 1-4 TMs and were considerably smaller than eukaryotic GPCRs. To date all attempts to generate and study full-length GPCRs have met with limited success. Expression of full-length and truncated versions of the olfactory receptor OR5 was optimized in E. coli 24 . The amount of protein expressed was sufficient to perform several biophysical analyses, but the protein was not isotopically labeled for NMR structural studies. An exciting study reported the expression and purification of uniformly [ 15 N, 2 H]-labeled vasopressin V2 receptor in high enough levels to perform some initial HSQC-TROSY analysis 25, 26 . However, only about 80 peaks out of 349 were observed in the resulting spectrum. These recent results emphasize the difficulties facing NMR spectroscopists who are attempting to determine the structures of full-length GPCRs in the presence of micelles.
Despite the progress in expressing full-length GPCRs, major challenges remain in structural analysis by NMR because of the size of the GPCR/micellar complex, the poor dispersion of 1 H chemical shifts of these highly helical proteins and the redundancy of residues found in transmembrane regions of these receptors. Simplification of the spectra by studying smaller domains of the GPCR should aid in these analyses. Such an approach is often taken in X-ray crystallography wherein determination of a domain of a protein may aid in solving the structure of the full protein. Several NMR structures of multidomain membrane peptides in organic solvents including the seventh transmembrane domain and CT tail of the yeast -factor receptor 27 , the double TM domains of the CB2 cannabanoid receptor 20 and the human glycine transporter 21 are now available. However, although we recently reported a structure for a fragment of Ste2p containing one TM in detergents 28 , no solution NMR study of a double TM fragment from a GPCR in a micellar complex has been described in the literature. Micelles are a more desirable background than organic-aqueous media for the analysis of integral membrane proteins 23 . However, to identify optimum spectroscopic conditions, screening of multiple detergents must be performed under a variety of conditions (i.e., pH, concentration of the detergent, temperature) necessitating multimilligram quantities of amino acid]-selectively labeled peptides were studied in various detergents to select conditions for measurement of high quality NMR spectra.
Materials and Methods
Cloning and mutagenesis of Ste2p TM1-TM2. To generate a plasmid encoding TM1-TM2 the pSW02 29 vector was digested with HindIII-BamHI (NEB) to remove the TM6 insert and the remaining vector was gel purified. In parallel, an insert encoding Ste2p(G31-T110) was generated by amplifying the appropriate region of Cys-less Ste2p, pBEC2 30 , using primers containing HindIII and BamHI restriction sites and the PCR product was digested and ligated into cut pSW02. The plasmid generated, pSWM1M2 (C59S), encoded the Trp LE leader sequence fused to DNA encoding TM1-TM2 Ste2p(G31-T110,C59S). The ligation products were transformed into E. coli, the plasmid DNA was isolated, and the sequence was verified at the University of Tennessee DNA sequencing core facility.
In order to perform CNBr cleavage to remove Trp LE without cleavage of Ste2p(G31-T110,C59S) itself, mutations of the Met residues within TM1-TM2 were performed using double-stranded mutagenesis, which is a modified method based on the Stratagene QuikChange mutagenesis protocol (Stratagene, La Jolla, CA). Briefly, two sets of primers were designed to first generate the mutation M54L in the C59S 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 and inclusion body (IB) preparations were generated for SDS-PAGE analysis as previously described 27 . Optimization of expression from both plasmids in BL21-AI was performed with varying amounts of L-arabinose both with and without IPTG.
Large-scale Expression from pLC01 and pREJ04 in BL21-AI. A 1L culture of BL21-AI cells bearing plasmids pLC01 or pREJ04 was grown in LBAmp 200 as above and expression was induced with 0.5-1% L-arabinose and 1 mM IPTG at 37°C for 5 hours.
These cells were pelleted and IBs were generated for purification as described 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 previously 27 . For IB samples that were used for direct cleavage, the final solubilization step in GnHCl was not used. reaction mixture was loaded onto the analytical C3 column and RP-HPLC was performed as described above.
CNBr Cleavage of TM1-TM2-FP and TM6-TM7-CT40-FP directly in inclusion bodies.
TM1-TM2-FP IB pellets were solubilized in 70% TFA for CNBr cleavage. The cleavages were followed over time by analytical HPLC on a Zorbax 300SB-C3 column. For large scale purifications TM1-TM2-FP IB pellets from ~125-250 ml of cell culture were dissolved in 70% TFA (500-600 µL) and cleaved with 1 M CNBr for 1-2 hours at room temperature. The cleaved peptide was purified as described above. Similarly, TM6-TM7-CT40-FP inclusion bodies from 125 mL cultures were dissolved in 80% TFA (500 µL), cleaved with 1-2 M CNBr for at least 2 hours at room temperature and purified as described above.
Circular Dichroism (CD) Spectroscopy. For CD analysis of TM1-TM2 and TM6-TM7-CT40 in organic-aqueous solvents, micelles and solutions of vesicles, stock solutions of these peptides were first prepared in 50% TFE/water. Concentration of the peptides was determined by UV spectroscopy at 280 nm using an extinction coefficient of 9570 M 37 , and functional significance based on interactions determined in the intact receptor [38] [39] [40] . The amount of buried surface area between various TMs was calculated using the NACCESS software 41 and provides data indicative of the number of contacts that are present between the TMs. The TM1-TM2 region of Ste2p, G31-G110, had the highest buried surface area between the two TM domains (1349 Å 2 ) of any pair of TMs in this GPCR (Table 2) . Although TM6-TM7- Native methionines were replaced with residues of similar hydrophobicity to maximize the probability that such replacements in the full-length receptor would be fully functional as shown in previous studies 45 . The final constructs generated were pLC01 and pREJ04 which expressed TM1-TM2-FP and TM6-TM7-CT40-FP, respectively.
Expression of double domain fusion proteins in BL21(DE3)pLysS. The plasmid pLC01
was expressed in BL21(DE3)pLysS in LB ( Figure 2A , lanes 1-2). Although expression of the TM1-TM2-FP was observed, SDS-PAGE analysis indicated that the level was considerably lower than that previously found for pREJ02 (EL3-TM7-CT40-FP) 27 . Since expression is often reduced in minimal medium required in isotope labeling experiments, we were concerned that it would be difficult to isolate sufficient TM1-TM2 peptide after cleavage for NMR structural analyses. Optimization of fusion protein expression was performed by varying induction temperature and OD 600 at time of induction in BL21(DE3)pLysS but no increase in expression was observed (data not shown).
Attempts to express TM6-TM7-CT40-FP from pREJ04 in BL21(DE3)pLysS cells resulted in low protein levels compared to TM1-TM2 under similar conditions ( Figure   2A and 2B, lanes 1-2). The expression increased slightly by growing the cells at 30°C prior to induction, and then increasing to 37°C after IPTG addition. However, in both cases the levels of fusion protein produced were still relatively low. Because of the low expression levels encountered in BL21(DE3)pLysS cells, different E. coli expression strains were evaluated. The growth and expression in BL21-AI was optimized as to the amount of Larabinose added to each culture. TM1-TM2-FP was expressed at similar levels with 0.5-1% L-arabinose followed by incubation for 5 hours after inducer addition. Though these levels were similar to the expression in BL21(DE3)pLysS, the growth of BL21-AI cells reached the induction OD 600 level 1-2 hours faster than BL21(DE3)pLysS cells and gave optimal expression levels at earlier growth times. TM6-TM7-CT40-FP was expressed best with 1% L-arabinose with incubation for 6 hours after inducer addition. Figure 2C ). Expression of TM1-TM2-FP was similar in both strains using optimized conditions. Conversely, the expression of TM6-TM7-CT40-FP was much better in BL21-AI. Most importantly we observed better expression in M9 minimal medium as compared to LB medium ( Figure 2C ).
Expression of double domain fusion proteins in BL21-AI and
The achievement of high expression in minimal medium allowed us to prepare Table 3 ). Though the incorporation was not higher than in LB, the amount of fusion protein expressed was 1.5-fold greater than that in LB likely due to the availability of all of the individual amino acids in the growth medium. Using these later conditions TM1-TM2-FP was selectively labeled with [ 15 N-(Val, Ile, Leu, or Phe)].
Cleavage of TM1-TM2-FP and TM6-TM7-CT40-FP directly in inclusion bodies.
Purification of both fusion proteins was first attempted using a Ni 2+ -NTA column.
However, the target fusion protein appeared to be washed off the column early in the imidazole gradient with many other proteins or was observed at multiple elution points (data not shown). Next, purification of TM1-TM2-FP from inclusion bodies was attempted on a Zorbax 300SB-C3 Prep-HT column (21.2x150mm) with a 30-90% acetonitrile (0.1% TFA):water (0.1% TFA) gradient at 50°C ( Figure 3A ). Six mg of nearly homogeneous fusion protein was obtained per liter of fermentation ( Figure 3B ).
The MW of TM1-TM2-FP was 22318.0 Da ( Figure 3C ) as compared to a calculated value of 22315 Da. Unfortunately the fusion protein bound to the HPLC column even after a gradient run and cross-contaminated subsequent purification attempts. Elimination we evaluated cleavage of the TM1-TM2-FP directly from the inclusion body (IB) preparations.
We found that cleavage of the fusion protein directly from solubilized IBs was feasible using 1 M CNBr in 70% TFA. The reaction was followed for 4 hours at which time the peptide was purified by semipreparative HPLC (Figure 4A and B) . Peaks for the Trp LE carrier protein and unreacted TM1-TM2-FP were identified by ESI-MS. The major peak, which eluted at about 38 minutes on the Prep-HT column ( Figure 4C ), was the expected product TM1-TM2 ( Figure 4D ; MW calculated =8751.3, MW observed =8749.2), and the amount of residual fusion protein was less than 7% of the starting protein ( Figure   4A The TM6-TM7-CT40-FP in inclusion bodies was cleaved and the target peptide was purified as above, but the cleavage was incomplete and there was a significant amount of TM6-TM7-CT40-FP left in the reaction limiting the yield of TM6-TM7-CT40.
Optimization of the cleavage reaction was attempted by increasing the amount of TFA to 80% and the concentration of CNBr to 2M. The cleavage of an IB pellet from about 125 ml culture in 80% TFA with 1M CNBr yielded 43% peptide based on HPLC peak area analysis with about 18% of intact FP remaining after 2.5 h reaction (Table 4) . A similar reaction containing 2M CNBr generated 39% peptide with 14% uncleaved FP remaining.
Comparison of peak areas and percent yields (see Table 4 ) indicated that TM6-TM7-CT40 peptide may be aggregating and remaining on the column under the purification 
Determination of the molecular state of the double domain peptides. Modeling studies
have shown the potential for TM-TM interactions between multiple domains in Ste2p 36 .
TM2 and TM7 are hypothesized to interact between N84 and S293. Based on these predictions, we wanted to determine if interactions between TM1-TM2 and TM6-TM7-
CT40 would be observed by SDS-PAGE analysis. SDS micelles containing TM1-TM2
and TM6-TM7-CT40 were prepared in micelles alone, as well as in micelles containing equimolar amounts of both peptides and SDS-PAGE was performed ( Figure 7 ). The micelles were prepared at concentrations at or above the CMC for SDS. Under our conditions TM1-TM2 runs as a monomer whereas TM6-TM7-CT40 runs as a dimer. We did not observe interactions between TM1-TM2 and TM6-TM7-CT40.
NMR analysis of double domain peptide fragments in detergent micelles.
To elucidate potential for high resolution structure determination of TM1-TM2 and TM6-TM7-CT40 Figure   8C ). In SDS micelles, we observed a similar percentage of the expected peaks but the spectra showed increased line widths compared to LPPG ( Figure 8D ). When NMR analysis was attempted in DPC very few peaks were observed for TM1-TM2 and only ~40 crosspeaks, which were significantly broadened compared to those in LPPG, were observed for TM6-TM7-CT40 (data not shown). Moreover, in DPC, precipitate was observed in the TM1-TM2 sample indicating an unstable peptide-micelle complex. three Tyr peaks and a few other minor cross-labeled residues (data not shown). In all cases the primary peaks were readily distinguished from those peaks due to isotopic scrambling. The cross-labeling products were expected based on amino acid biosynthetic pathways (see 46 for a discussion and Kessler et al. 47 ). Using these peptides we were able to both identify difficult to assign residues and to confirm residues that we have assigned by 3D NMR experiments (Zerbe and Naider, unpublished results).
Discussion
Expression of hydrophobic integral membrane proteins in amounts sufficient for biophysical measurements has been a bottleneck in structural studies of these ubiquitous molecules. Although fragments of integral membrane proteins provide a first alternative to study domains of these polytopic molecules, poor expression and purification yields of fragments containing two or more TMs makes these studies challenging. In this paper we have examined the expression of two distinct double-TM containing peptide fragments from Ste2p, a GPCR from the yeast S. cerevisiae. By changing the bacterial expression strain and induction parameters we have been able to obtain high level expression of In choosing the peptides to study we used a model of Ste2p 36 to perform a computational analysis of the surface area buried between two consecutive TM domains without the connecting loops ( Table 2 ). The two TMs of TM1-TM2 had the highest buried surface area of all of the double domain constructs, indicating the presence of many packing interactions (i.e. hydrogen bonding and hydrophobic interactions) and was expected to have a high tendency to fold to a unique tertiary structure under membrane mimetic conditions. In contrast to TM1-TM2, TM6-TM7-CT40 had a lower buried surface area. However, hydropathy analysis indicated that TM6-TM7-CT40 was more hydrophilic than TM1-TM2 because of the CT40 cytosolic tail extension at the carboxyl terminus. In previous studies, correlations have been presented between the hydrophilicity of a membrane peptide and its ease of purification. In the present case the decrease in the overall hydrophobicity of the target peptide did not increase our purification yields (see below). This was likely due to the tendency of this peptide to aggregate even in the presence of detergent micelles (Figure 7 ), which may have led to irreversible losses on the reversed phase column. The TM6 domain has a very high hydrophobicity and this tendency to aggregate has been noted previously with single TM6 domain peptides 4, 48 . Despite the challenges of its preparation, studies on TM6-TM7-CT40 were a logical extension of our previous NMR investigations on EL3-TM7-CT40 27 ; 28 . Finally, both the TM1-TM2 and TM6-TM7-CT40 regions of Ste2p have been shown to be important for interaction with the -factor ligand 38, 39 and signal transduction 40 so structural analysis could be helpful in obtaining a better understanding of the molecular basis of receptor activation.
The most often used methods of isotopically labeling proteins require growth in defined minimal media to which sources of 15 N, 13 C or 2 H are added. Such media can be extremely expensive. As a rule, the lack of amino acids in minimal media reduces overall metabolism leading to slower growth and decreased protein expression. In contrast we observed that for TM1-TM2 expression in LB and M9 media was similar in both BL21(DE3)pLysS and BL21-AI and TM6-TM7-CT40 actually expressed better in minimal medium ( Figure 2C ). Using these findings 15 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 is added after lyophilization, the micelles form around the peptide thus allowing it to enter into solution for further biophysical analysis.
CD analysis was performed on both peptide fragments in multiple detergent micelles. The TM1-TM2 peptide showed a high molar ellipticity in TFE/water, which was expected as helices are induced in this solvent [53] [54] [55] . Based on splitting of the * transition, intensification of the 222 nm band and the overall ellipticities TM1-TM2 is largely -helical in SDS and LPPG micelles ( Figure 6A ). Conversely, when studied in DPC micelles the CD pattern indicated either the presence of aggregates or multiple conformations. The CD results with TM6-TM7-CT40 were similar, but the overall conformation in SDS and LPPG was less -helical as indicated by the reduced negative ellipticities at 208 nm and 222 nm and the decrease in positive ellipticity near 192 nm (Fig 7B) . A CD analysis of the EL3-TM7-CT40 peptide 27 also indicated this peptide had low overall helicity in the presence of detergent micelles. This is most likely due to the significant contribution from the mostly disordered structure of the 40 residues of the Cterminal tail.
The HSQC spectra of TM1-TM2 and TM6-TM7-CT40 that were observed in the SDS and LPPG detergent micelles contained >90% of the expected peaks whereas the HSQC spectra in DPC showed only a few peaks for TM1-TM2 and approximately 40% of the expected peaks for TM6-TM7-CT40. Moreover these latter peaks were significantly broadened. In both cases conditions that had exhibited good -helical tendencies as judged by CD analysis led to well resolved HSQC spectra with relatively 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 found in the HSQC spectrum of the uniformly labeled peptide and exhibited only a modest amount of scrambling of the 15 N isotope into non labeled residues. The correlation between the HSQC of the uniformly labeled and selectively labeled peptides would be consistent with reproducible sample preparation to give the same folded structure. This conclusion can only be tested by solving the complete tertiary structure of TM1-TM2 in LPPG.
In summary we have reported a strategy resulting in high levels of expression, cleavage, and purification of two double transmembrane domain containing peptides from a G protein-coupled receptor of S. cerevisiae. The peptide fragments were purified in multi-milligram quantities allowing for screening of multiple detergent micelles using both CD and NMR analyses. The CD analysis indicated that the peptides in two of three detergent micelles had largely helical tendencies which correlated to the ability to see HSQC spectra with good dispersion and >90% of the expected peaks. Future screening of Ste2p peptide fragments in detergent micelles or lipid bicelles will initially be performed using CD to determine the viability of the medium for NMR investigations.
Currently a complete structure determination of TM1-TM2 in LPPG micelles is being pursued.
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Biopolymers: Peptide Science
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